Motivation plays an important role in the control of food intake. This review will focus on recent findings using a neural systems analysis of a behavioral model for learned motivational control of eating. In this model, environmental cues that acquire motivational properties through Pavlovian conditioning can subsequently override satiety and promote eating in sated rats. Evidence will be presented that a brain network formed by the amygdala, lateral hypothalamus, and medial prefrontal cortex mediates this phenomenon of conditioned potentiation of feeding. The animal model may be informative for understanding control of eating in humans including maladaptive influences that contribute to overeating.
In Western societies and other developed countries, we are surrounded by images and messages that provide cues for food. How might these cues modulate food intake? Could pervasive cues for food contribute to overeating? Indeed, studies in both laboratory animals and humans show that in addition to signals related to energy balance, eating is also regulated by environmental or external signals that are not related to metabolic control [1] [2] [3] [4] [5] . Notably, environmental cues previously associated with food (learned cues) exert powerful control over food consumption that can override regulatory signals and stimulate eating in sated states [6] [7] [8] . The mechanisms and neural systems through which such cues influence food intake are being elucidated in animal models. Here we will review the evidence from our recent studies of a brain network that mediates regulation of food intake by motivational cues on the basis of associative learning. The forebrain network described in this research will also be discussed in the framework of research findings on food-related cues and functionally activated systems in the human brain.
Potentiation of feeding by associative learning
The behavioral model we use to study feeding is based on a paradigm originally developed by Weingarten in 1983 [6] . In this paradigm, environmental cues modulate feeding through motivational properties acquired in associative learning. The behavioral aspects of the model were described in detail in two recent reviews [9, 10] . Briefly, in a typical experiment foodrestricted rats (maintained at 85% ad libitum weight) are trained in a Pavlovian conditioning procedure, in which a conditioned stimulus (CS+), such as a simple auditory tone, is paired with food delivery. In most of our experiments, an additional control stimulus, which is not followed by food delivery (CS−), is also presented during training. During such training rats learn to approach the site of food delivery during the CS+, but not during the CS−. The amount of time spent at the food cup (conditioned response, CR) during the cue that predicts food provides a well-characterized measure of associative learning. After training, sated rats are tested for food consumption when those cues are presented. The conditioned potentiation of eating is evident in such tests; sated rats consume more food in the presence of the CS+ compared to tests with CS− presentations. This learning has an associative basis and is not merely due to non-specific activation by a sensory stimulus, because only the cue paired with food (CS+) but not an unpaired cue (CS−) enhances eating (for review see [10] ). Furthermore, cue-induced enhancement of eating is not simply a byproduct of the CRs that bring the rats to the food cup. Potentiation also occurs in tests when food is presented in a receptacle that is different in appearance and location from the food cup used in training [11, 12] . Thus, enhanced eating is a consequence of motivational properties acquired by an otherwise neutral cue through associative learning.
In the above-described procedures rats were trained under severe food restriction (85% of ad libitum body weight) that might have critical implications in terms of mechanisms recruited. Indeed, weight loss initiates a complex cascade of adaptive responses, including a decrease in circulating levels of leptin and insulin, and modification of gut peptide signaling, which in turn result in activation of orexigenic mechanisms in the brain [13, 14] . Most notably, leptin acts directly on neurons within the arcuate nucleus of the hypothalamus (ARH) that stimulate anabolic and orexigenic mechanisms (coexpressing neuropeptide Y and agouti-related protein), as well as on ARH neurons (coexpressing proopiomelanocortin and cocaine-and amphetamine-regulated transcript) related to catabolic and anorexic actions [15] . Thus, a change in leptin levels associated with maintenance of body weight levels at 85%, and subsequent effects on ARH neurons that could lead to synaptic plasticity [16] , could critically influence an ongoing learning and memory underlying cue-food associations.
Nevertheless, severe chronic food restriction is not necessary during training to produce subsequent cue-enhanced eating in sated rats. In our recent preparation (described-below), rats trained under moderate food restriction regimen that does not produce body weight show CS-enhanced food consumption. Here, instead of chronic food restriction, rats underwent multiple acute food deprivations during training [12, 17] . Clearly future studies are needed to examine how different metabolic history-such as food deprivation (acute versus chronic) on one end and long-term access to palatable, high calorie foods on the other end of the spectrum-could provide different molecular, and behavioral background for learning about food cues, and associated motivation and consumption.
In the type of study described above potentiated feeding is induced by an explicit CS, such as a discrete auditory or visual cue. In a recent study we examined whether the environment in which food is consumed can also serve as a CS to promote eating [12] . We trained food-deprived rats to consume food pellets in a distinct environment (context). Rats in a control group were exposed to the same context but received food pellets in their home cages. During training rats were food-deprived for 20 h prior to each training session, and allowed ad libitum access to lab chow for 24-72 h between sessions. Then we tested sated rats for food pellet consumption in the conditioning context. Rats that were previously fed in the conditioning context when hungry consumed more food pellets in the conditioning context during tests compared to the rats in the control group that were never fed in that context. These results show that contextual CSs, similar to discrete cues, can promote food consumption (also see [18] ).
The nature of CS-driven motivation to eat
Recently, we examined the motivational basis for learned potentiation of feeding. We found that CS-enhanced eating is specific to the food consumed during training [12, 17] . Sated rats showed enhanced food consumption in the conditioning context only when presented with the training pellets, but not when presented with an entirely novel food or with other familiar foods [12, 17] . This finding suggests that the basis for CS enhancement of eating is not induction of a general motivation to eat, akin to hunger, but instead appears to be due to induction of a more specific motivational state, akin to appetite or craving. Although food cravings are difficult to define, especially in animal models [19] , some notable parallels can be drawn between cue-induced consumption in our model and food cravings. For example, in a recent study of people identified as restrained eaters (chronic dieters), food-related cues elicited a specific appetite/craving, rather than a general desire to eat, and such appetite was correlated with increased intake of the target food [20] . Thus, both are food selective and can be elicited by exposure to cues associated with food [19, 21] . Similar to binge eating associated with cue-elicited cravings [22, 23] , animals can also consume a large amount in a very short time in the context associated with food [12, 17] . Finally, there is an apparent overlap in brain areas activated in humans by cues for preferred and/or craved food and the brain systems that mediate cue-induced feeding in the conditioned potentiation paradigm.
Amygdalar subsystems and CS-enhanced feeding
As a first step in identifying neural systems for CS-enhanced feeding, two subsystems within the amygdalar complex, the central nucleus (CEA) and the basolateral region (BLA; including basolateral, basomedial, and lateral nuclei) were examined ( [24] [25] [26] , for review see [10] ). These amygdalar regions have been linked to a range of functions that rely on associative learning to control goal-directed behavior [27] [28] [29] [30] [31] 25, 32, 33] . Most notably, both the BLA, and CEA have been implicated in various aspects of appetitive incentive motivation and reward [30, [33] [34] [35] [36] . Projections from BLA and CEA form pathways to the lateral hypothalamus [37] that could provide access to feeding systems [38] . In addition, in other settings, CEA has been shown to influence feeding (e.g., [39] [40] [41] ), possibly via direct pathways to the brain stem [42] , and indirect input to the paraventricular hypothalamic nucleus [43] . Against that background, selective neurotoxic lesions of the CEA or BLA were employed to test whether one or both of these regions would be critical for CS potentiation of feeding [11] .
The results of studies using selective neurotoxic lesions showed that the BLA but not CEA is critical for CS-induced food consumption ( [24] [25] [26] , for review see [10] ). During food consumption tests sated rats with either sham or CEA lesions showed similar robust CS-enhanced eating. In contrast, lesions of BLA abolished potentiated feeding. Notably, that impairment was specific to CS-modulated eating. There was no difference in baseline eating among the groups (as seen in a pre-test period prior to CS presentations). Furthermore, BLA-lesioned rats acquired CS-driven food cup CRs during training comparable to rats with sham and CEA lesions. Thus, rats with BLA lesions were impaired in the acquisition or expression of the learned motivational properties of the CS manifest through modulation of food consumption. Notably, this finding is in agreement with previous evidence also showing dissociable roles for BLA and CEA in some other motivational functions in appetitive learning ( [44, 45] , for review see [10] ).
Amygdalo-hypothalamic components of the network
The fact that CS potentiation of feeding is spared in rats with CEA lesions would appear to constrain the circuitry through which BLA plays a role in this form of learning. Our next study began to define the functional system through which the BLA gains access to feeding behavior. We focused on the BLA connections with the LHA, a region historically linked to initiation of feeding, reward and motivation [46, 38, 35] .
To test whether communication between the BLA and LHA is necessary for allowing learned cues to stimulate eating, we examined rats with a preparation that disconnected the two structures. We placed unilateral, neurotoxic lesions of BLA and LHA on opposite sides of the brain (contralateral group). Because BLA outputs are largely ipsilateral, this preparation disconnected the BLA-LHA system in both hemispheres without disturbing other functional circuitries involving each of those structures. These rats were trained in CS potentiation of eating, together with rats in two control groups. One control group of rats received unilateral lesions of the BLA and LHA on the same side of the brain (ipsilateral group) to control for the amount of damage without disconnecting the BLA-LHA system. A second control group of rats received contralaterally placed sham lesions of BLA and LHA.
The disconnection of the BLA-LHA system did not affect auditory Pavlovian discrimination learning. During conditioning, rats in all groups learned to approach the food cup at the same rate and showed similar discrimination (food cup CRs) between the CS+ and CS−. However, the disconnection of BLA-LHA abolished CS-enhanced eating in food consumption tests. Rats in the control groups ate significantly more in the presence of CS+ compared to tests with the CS−, while rats with the lesion that disconnected the BLA and LHA ate the same small amount in both tests. The impairment was specific to consumption under the influence of the learned cues as all rats ate similar amounts in a pre-test period with no stimuli. Thus, these results demonstrate that the BLA and LHA form part of the brain network that allows learned motivational cues to control eating [47] .
The impairment in rats with BLA-LHA disconnection was similar to the original finding with bilateral lesions of the BLA in that it did not produce deficits in CS-driven food cup CRs, but only a more selective impairment in the ability of the CS to modulate subsequent feeding based on motivational properties acquired during conditioning. In a subsequent test with those same rats, however, we found that disconnection of BLA-LHA is more selective than BLA damage and does not share a similar profile in other aspects of learning processes. As mentioned earlier, intact BLA function is needed in a number of tasks that depend on CS-acquired value to guide subsequent behavior [10] . Specifically, we examined whether the BLA-LHA system is also important in second-order conditioning-a paradigm that critically depends on the BLA. In second-order conditioning, the CS acquires the properties of a reinforcer such that the formerly neutral cue can support new learning. To test this function in the BLA-LHA disconnection preparation, those rats were again food-deprived and received pairings of a new stimulus (a second-order CS) with the original auditory first-order stimulus (CS+). Interestingly, we found that the lesion disconnecting BLA and LHA did not produce any impairment in second-order conditioning. All groups acquired similar food cup CRs to the second-order CS. Thus, in contrast to the impairment in CS-enhanced eating, disconnection of the BLA-LHA system did not interfere with that CS's acquired ability to reinforce new learning [47] . This finding indicates a more selective role for the BLA-LHA system in control of food consumption that is dissociable from other associative functions of BLA. Indeed, research using the second-order conditioning paradigm has shown that BLA's communication with the nucleus accumbens is critical in mediating that function [48] .
Amygdalo-prefrontal-hypothalamic system and CS-enhanced eating
The disconnection of BLA-LHA system that selectively abolished CS-potentiated feeding implicates the LHA as a final common pathway for the influence of learned potentiation on food consumption. However, in addition to direct projections from BLA to the LHA, other indirect pathways in the forebrain could also be involved. The BLA participates in a forebrain network with many indirect pathways for gaining access to the hypothalamus, including projections from BLA to medial prefrontal cortex (mPFC) and the nucleus accumbens (ACB), along with projections to the central nucleus of the amygdala (CEA), each of which, in turn, innervates the LHA [49] . To study these routes we used functional anatomical methods to further delineate critical components of a forebrain-LHA network engaged in CS-potentiated feeding.
We employed a novel approach for functional mapping of activated circuitry in the CS potentiation paradigm. Retrograde tract-tracing was used in conjunction with methods to identify activated neurons. The effector immediate early genes (IEGs), Arc (also known as Arg3.1, which encodes activity-regulated cytoskeleton-associated protein), and Homer 1a (H1a), were employed as markers of activated neurons [50] . Arc and H1a mRNAs are expressed in the same neurons with temporally offset appearance/disappearance, and as such can be employed to detect neuronal populations activated by two temporally distinct experiences in a single brain [50] . This approach allowed us to view the components of the BLA-LHA circuitry that are selectively activated in food consumption tests with CS presentations that stimulate eating. Thus, we assessed sated rats for food consumption in the presence of a cue that was previously paired with food (CS+), or in the presence of another cue that was never paired with food (CS−), in two consecutive tests temporally arranged for activation of Arc and Homer 1a and examined the selective induction of these IEGs in BLA, CEA, mPFC, and ACB neurons that project to LHA, as identified with the retrograde tracer (FluoroGold).
Here we found that LHA projection neurons, as defined with retrograde tracer, localized in the basomedial and adjacent basolateral nuclei within the BLA and in the mPFC were activated selectively by a cue that stimulates eating in sated rats (Fig. 1, pathways indicated in red). In both regions, a significantly larger percentage of the neurons projecting to the LHA shows IEG induction in response to food consumption tests with CS+ compared to tests with CS−. Thus, these findings demonstrate that both direct BLA projections and a prefrontal projection system to the LHA are activated during CS-driven eating.
Interestingly, the two other brain regions examined in that study that project to the LHA, the ACB and CEA, did not contain neurons that were selectively activated in the setting of potentiated feeding. That result suggests that anatomical routes to LHA via the ACB and CEA are not critical for learningdependent modulation of feeding in our paradigm. This interpretation is further corroborated by results from lesion studies. In addition to the earlier described result, namely that bilateral neurotoxic CEA lesions spare potentiated feeding [24, 25, 11] , we also found no impairment after disconnection of the BLA and ACB (using a preparation conceptually similar to the BLA-LHA disconnection involving lesions placed contralaterally in BLA and ACB) [10] . At the same time, it is important to note that a variety of evidence has implicated those regions of the forebrain in other aspects of motivational control in feeding [33, 51, 34, 35] . Thus, the ACB and CEA might interact with the BLA-LHA in settings dissociable from cuedriven eating. Within that context, the BLA-LHA system is needed in ACB-dependent, μ-opioid induced consumption of fat [52] . Notably the CEA, including its projection to the LHA, which is not critical for cue-'enhanced' consumption, may be needed to modulate feeding in aversive settings [53] . Thus, subsystems within a larger network appear to be recruited by different processes, including a more general motivation to eat, motivation for highly palatable foods, stress-regulated eating, or selective cue-driven consumption. Of course, it will be of great interest to determine whether these different subsystems interact with common or different metabolic regulators within the LHA and other components of the feeding system. Clearly, more work is needed to fully delineate the exact circuitry and mechanisms used to modulate feeding in many different settings.
Medial prefrontal cortex and CS-enhanced eating
Guided by the results of our functional anatomical work that showed selective activation of pathways from the mPFC to LHA in CS-enhanced eating, we subsequently examined whether an intact mPFC is essential for learned cues to promote food consumption [54, 17] . The lesion area in this study encompassed the prelimbic, infralimbic, and medial orbitofrontal areas to closely match the region of the mPFC that was functionally activated in potentiation tests in the earlier functional mapping experiment [55] .
Rats with bilateral neurotoxic or sham lesions of the mPFC were trained in a conditioned potentiation paradigm in which a distinct context was paired with food consumption when the rats were hungry. The behavioral procedure was similar to one described earlier in this chapter; half of the rats were presented with experimental pellets in a distinct context (paired), while the other half of rats were placed in the context without the food (unpaired). After training, rats were sated, and then tested for Fig. 1 . This diagram summarizes recent findings from neural systems analysis of the behavioral model, conditioned potentiation of feeding, that relies on learned cues to override metabolic signals. In that model, a cue previously paired with food when an animal was hungry can initiate eating in sated rats. The lateral hypothalamus (LHA) is an integrative site for feeding signals, both intrinsic and extrinsic. Pathways in red show projections to the LHA with origins in the forebrain neurons that show activation by a conditioned stimulus (CS+) that promotes feeding. The origins of these pathways in the basolateral amygdala (BLA; includes BL, BM, and LA), and ventral medial prefrontal cortex (mPFC; includes PL, ILA, and mOFC) are critical functionally, as shown by lesions of each of these areas, which abolish CS-enhanced feeding. Our studies have further shown that direct projections from CEA are not critical; as indicated by lack of selective activation of that pathway by the effective CS+, and the fact that lesions of CEA spare CS-enhanced feeding. Blue line shows interconnections between the BLA and mPFC that may also play a role in regulation of feeding by learned cues. Abbreviations: ARH, arcuate nucleus of the hypothalamus; BLA, basolateral amygdala; BL, basolateral nucleus of the amygdala; BM, basomedial nucleus of the amygdala; DMH, dorsomedial nucleus of the hypothalamus; ILA, infralimbic area; LA, lateral nucleus of the amygdala; LHA, lateral hypothalamic area; PL, prelimbic area; mOFC, medial orbitofrontal area; VMH, ventromedial nucleus of the hypothalamus. Plates modified from the atlas of Swanson [63] . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) food consumption in the conditioning context. Sham-lesioned rats showed conditioned potentiation of eating-rats in the paired group ate significantly more food pellets compared to the amount consumed by rats in the unpaired group during tests. In contrast, rats with mPFC lesions in paired and unpaired groups consumed similar small amounts of food pellets during the tests. Thus, consistent with our finding that mPFC neurons are engaged during potentiated feeding, we found that neurotoxic mPFC lesions produced impairment in food consumption specifically driven by conditioned motivational cues.
These results indicate that mPFC forms part of the forebrain-LHA circuitry for potentiated feeding. Within that network, the mPFC could participate via its direct projections to the LHA as suggested by our functional labeling study, as well as via additional routes. The mPFC, itself, is connected with a number of areas that, in turn, reach the LHA including ACB and mediodorsal thalamus [56] [57] [58] . Importantly, the mPFC also shares reciprocal connections with the BLA [49] that could provide an additional route for the integration of mPFC and BLA's influence on the LHA. Interestingly projection neurons to the mPFC from a region of BLA are strongly activated by CS+ in the potentiation task ( Fig. 2 ; our unpublished observations). Thus, a network of overlapping direct and indirect pathways between the mPFC, BLA and LHA are likely to represent a forebrain network that mediates cue-driven eating and the learning process by which cues acquire such power.
In that context, all the studies to date, including lesions of the BLA, disconnections of the BLA-LHA systems, and mPFC lesions were made prior to training. Thus, the results of these studies do not provide insights as to whether these structures are critical only during learning, during memory maintenance and/ or expression of cue-potentiated feeding. The roles of the BLA, and communication with the LHA, directly, and via mPFC, as well as the roles of the mPFC and its pathways to the LHA, might differ in various stages in the CS potentiation of feeding task.
Possible relevance of the animal model to humans
It is of special interest that the use of functional neuroimaging methods has identified forebrain regions in the human brain in a network that resembles cue-potentiated circuitry in the model described here. Most notably, the amygdala, which is critical for cue-enhanced eating, is activated in sated humans while viewing names of preferred versus neutral foods [59] , and while individuals think about the sensory properties of liked or craved food [60] . Indeed activations of the amygdala and a medial region of the orbitofrontal cortex are seen in response to a number of different food-related cues [61, 59, [62] [63] [64] 60] . Viewed within its well-known role in goal-directed behavior [65] , the mPFC appears particularly critical for controlling an impulse to eat under the influence of environmental cues.
Commonality in brain circuitry and features of cue-modulated eating, including induction of appetite or craving, suggest that the animal model of learned potentiation of feeding has potential relevance for understanding the control of eating in humans. Indeed, the network of neural circuitry demonstrated in animals may be directly relevant to conditions that can be studied in humans in a similar experimental setting. Notably, a role for cues in food consumption has been described in terms quite similar to potentiated feeding in laboratory animals. Using Pavlovian conditioning procedures, conditioned potentiation of food consumption has been reported in preschool children [8] . Similar to the finding in laboratory animals, conditioned cues had the ability to promote eating in children who had consumed food snacks prior to the potentiation tests. Thus ability of cues and the feeding environment to contribute to food consumption as studied in animals may be relevant to conditions that motivate eating (and perhaps overeating) in people.
Concluding remarks
Evidence reviewed here from studies that have combined behavioral and functional anatomical methods highlight the BLA, mPFC, and LHA as a network critical for the regulation of feeding by learned, motivational cues in an animal model. This emerging knowledge is informative for understanding a basis for eating in humans that can be driven by environmental factors apart from metabolic control. In the current context of concern about weight control one might ask whether the operation of the neural systems and behavioral mechanisms in this model contribute maladaptively to obesity? Whether potentiated feeding, referring to greater food consumption in the presence of learned cues than would otherwise occur, represents a form of overeating that could contribute to body weight gain in the long term is an important, as yet unanswered question. As a possible scenario, however, consider the fact that an increasingly larger proportion of the total dietary intake in the USA is consumed in distinct environments such as fast food chains [66] . Notably, fast food and other chain restaurants are designed to have a relatively uniform, recognizable appearance and provide relatively limited menu choices of distinctive items. Such settings, based on studies of potentiated feeding in laboratory animals, would seem to be ideal for associating specific food-context with hunger, which through learning, could subsequently promote appetite for and consumption of such foods in a similar setting, even in otherwise relatively satiated states. Further work is clearly needed to determine whether the animal model is applicable to human eating in such terms, and whether conditioned enhancement of food consumption is a contributing factor to overeating in a manner that could lead to body weight gain.
